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ABSTRACT Negative-strand RNA viruses (NSVs) include some of the most patho-
genic human viruses known. NSVs completely rely on the host cell for protein trans-
lation, but their codon usage bias is often different from that of the host. This dis-
crepancy may have originated from the unique mechanism of NSV RNA synthesis in
that the genomic RNA sequestered in the nucleocapsid serves as the template. The
stability of the genomic RNA in the nucleocapsid appears to regulate its accessibility
to the viral RNA polymerase, thus placing constraints on codon usage to balance vi-
ral RNA synthesis. By in situ analyses of vesicular stomatitis virus RNA synthesis, spe-
cific activities of viral RNA synthesis were correlated with the genomic RNA se-
quence. It was found that by simply altering the sequence and not the amino acid
that it encoded, a significant reduction, up to an �750-fold reduction, in viral RNA
transcripts occurred. Through subsequent sequence analysis and thermal shift as-
says, it was found that the purine/pyrimidine content modulates the overall stability
of the polymerase complex, resulting in alteration of the activity of viral RNA synthe-
sis. The codon usage is therefore constrained by the obligation of the NSV genome
for viral RNA synthesis.

IMPORTANCE Negative-strand RNA viruses (NSVs) include the most pathogenic vi-
ruses known. New methods to monitor their evolutionary trends are urgently
needed for the development of antivirals and vaccines. The protein translation ma-
chinery of the host cell is currently recognized as a main genomic regulator of RNA
virus evolution, which works especially well for positive-strand RNA viruses. How-
ever, this approach fails for NSVs because it does not consider the unique mecha-
nism of their viral RNA synthesis. For NSVs, the viral RNA-dependent RNA polymer-
ase (vRdRp) must gain access to the genome sequestered in the nucleocapsid. Our
work suggests a paradigm shift that the interactions between the RNA genome and
the nucleocapsid protein regulate the activity of vRdRp, which selects codon usage.
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The negative-strand RNA virus (NSV) family includes some of the most well-known
human pathogens, such as Ebola virus, influenza virus, and respiratory syncytial

virus (1–4). The virally encoded RNA-dependent RNA polymerase (vRdRp) of NSV
must recognize the nucleocapsid and unpack the sequestered genomic RNA from
the nucleocapsid to use it as the template for viral RNA synthesis (5, 6). On the other
hand, translation of viral proteins completely relies on the translation machinery of
the host cell. This host reliance should direct the evolution of the viral codon usage
bias (CUB) toward that of the host. This is certainly an effective way to optimize
virus growth if translation is the major barrier for the virus, as observed in
positive-strand RNA viruses (7).

However, there is no such coevolutionary virus-host relationship in the genome of
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NSVs. The genome of NSVs maintains a constant CUB, in spite of a high mutation rate
by vRdRp (8). The calculated mutation rate for Paramyxoviridae is high enough to
completely randomize the viral sequence 6 times per year, while the observed mutation
rate is only about 6 nucleotide changes per year (8–11). Furthermore, it has also been
noted that the viral CUB can be significantly different from the host CUB (8). While this
is often attributed to the suppression of CpG codons for evading the host immune
system (12), the correlation is not ubiquitously distributed throughout all NSVs. Other
requirements for virus growth may place constraints on the evolution of NSVs. One
factor could be the nucleotide content that is related to interactions of the genome
with other proteins. Vesicular stomatitis virus (VSV) is a prototypic NSV that carries five
viral genes: nucleocapsid (N), phosphoprotein (P), matrix protein (M), glycoprotein (G),
and large protein (L). A study showed that by altering the codon pair bias score in a
portion of the L protein (polymerase) gene, which changes CUB, the virulence of VSV
was attenuated in mice without changing the efficiency of viral protein translation (13).

Since NSV vRdRp needs to open the nucleocapsid to access the sequestered
genomic RNA for transcription/replication, we propose that the stability of the genomic
RNA in the nucleocapsid plays a regulatory role in the ability of the polymerase to
successfully carry out viral RNA synthesis. As shown in Fig. 1A, the nucleocapsid is
formed through intricate cross-molecular interactions between adjacent subunits, and
the accessibility of the genomic RNA could vary with the local sequence (14, 15). During
both transcription and replication, one “stable” sequence could cause the nucleocapsid
template to tighten and reduce the processivity of vRdRp, whereas a different “unsta-
ble” sequence could cause the nucleocapsid template to loosen and increase the
processivity of vRdRp or the rate of vRdRp dissociation from the nucleocapsid (Fig. 1B).
To verify this mechanism, in situ activities of VSV vRdRp were correlated with altered
codon usage using minigenome assays. The results show that the balance between
purines and pyrimidines in the genome sequence plays an essential role in regulating

FIG 1 (A) Ribbon representation of three nucleocapsid protein subunits constructed from the structure
reported under PDB accession number 3PTX (45). Shown in red is the N-terminal arm, which interacts
with adjacent subunits. Shown in blue and magenta are the N lobe and the C lobe, respectively. Shown
in yellow is the C-terminal loop, which also interacts with adjacent subunits. Furthermore, the backbone
of the RNA is shown as a tan line sandwiched between the N and C lobes. (B) Cartoon representation of
a tight or loose interaction of the genomic RNA in the nucleocapsid. This would regulate the accessibility
of the sequestered RNA to vRdRp and cause possible disassociation or stalling of vRdRp. (C) Stick
representation of nine nucleotides (adenosine) encapsidated in the nucleocapsid. Shown in red are the
first 4 nucleotides that have bases stacked with each other. Shown in blue are nucleotides 5, 7, and 8 that
also have bases stacked. Nucleotide 6 is shown in yellow and does not directly interact with other
nucleotides.
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the polymerase activity. The requirements for transcriptional/replicational control con-
strain codon usage of NSVs, which explains why NSVs maintain their independent
genomic stability despite reliance on the host machinery for viral protein translation.

RESULTS
Effects of changing the codon usage bias on transcription/replication. In order

to investigate the effect that CUB has on transcription/replication, CUB of the VSV
genome was compared to those of human and sand fly, two VSV hosts (Table 1).
Furthermore, a similar analysis was extended to the genomes of Ebola virus and
influenza virus. Compared to CUB in human, codons highlighted in green in Table 1 are
more frequently used in VSV, and codons in red are less frequently used. It is obvious
that CUB of VSV does not match that of human or sand fly. A similar CUB pattern was
also observed in Ebola virus and influenza virus, indicating that this phenomenon could
be ubiquitous throughout the NSV family.

TABLE 1 Codon usage frequencies of the hostsa

aCodon usage frequencies of the hosts were downloaded from the GenScript codon usage frequency table tool and calculated for the VSV genome using the
Sequence Manipulation Suite from bioinformatics.org. Changes in the usage fraction were defined as significant if the difference was at least �Δ0.14. Green indicates
an increased fraction in NSV compared to human, whereas red indicates a decreased fraction. Changes of nucleotides in VSV versus human codons are marked. For
Lutzomyia longipalpis, fly codons are marked yellow if their fraction differs from that of VSV or blue if it is the same as that of VSV (at least �Δ0.04) but differs from
human. A.A., amino acid; EBOV, Ebola virus: IFV, influenza virus.
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A minigenome system was designed to quantitate in situ activities of vRdRp on VSV
nucleocapsid (Fig. 2A). The N gene was selected to represent the VSV genome. There
are long stretches of green and short interspersed patches of red throughout the N
gene (Fig. 2B). This minigenome system is useful for comparable measurements of the
vRdRp activities when the nucleotide content of the genome is altered. For compari-
sons with the wild-type (wt) minigenome (16), one synthetic genome was recoded such
that codons with low usage frequency (in red) were changed to those with high usage
frequency (named the high-usage genome), and another synthetic genome was re-
coded such that codons with high usage frequency (in green) were changed to those
with low usage frequency (named the low-usage genome). During the NSV life cycle,
three species of RNA are produced: mRNA (during transcription), cRNA (during repli-
cation), and vRNA (during replication). In the minigenome assays, each RNA species was
quantitated by quantitative reverse transcription-PCR (RT-qPCR). It is important to note
that the units on the y axis in Fig. 2C are log2 units for ease of presentation, and the fold
reduction was calculated as described below. In Fig. 2C, top, the full-length RNA levels
from genomes with different CUBs were compared. For mRNA, an �744-fold reduction
was observed for the high-usage genome relative to the wt genome, and an �750-fold
reduction was observed for the low-usage genome. For cRNA, reductions of �39-fold
and �55-fold were observed, respectively, and for vRNA, reductions of �5.5-fold and
�1.8-fold were observed, respectively, for the high- and low-usage genomes. These

FIG 2 (A) Vector for the minigenome based on the N gene of VSV. Under the control of the T7 promoter, the vector expresses the vRNA copy of the N gene,
flanked by the leader and trailer sequences. (B) Highlighted sequence of the N gene showing the location of the high-frequency codons, in green, or the
low-frequency codons, in red. Furthermore, highlighted in cyan is the placement of 3 stop codons to prevent translation of the mRNA transcripts. Also shown,
in magenta, is the PCR tag utilized in qPCR to identify mRNA transcripts transcribed only from the minigenome. (C, top) Relative fold decreases in RNA levels
from all the minigenomes quantitated by in situ vRdRp activity assays. N stands for the wt genome, H stands for the high-usage genome, and L stands for the
low-usage genome. Notice the log2 axis for ease of viewing the fold differences on similar scales. (Bottom) Fold increases in levels of shortened RNAs using
primers that correspond to the beginning of each viral RNA moiety, as ratios to the full-length RNA moieties. Each experiment was carried out in triplicate, and
the error bars represent the standard deviations between the experiments. (D) Construction of the chimeric minigenomes. Each minigenome was constructed
based on the golden ratio, with the darker color representing the wt genome and gray representing the high- or low-usage genome. Each chimeric genome
is shown in panel B as NH1 or NL1, etc. All sequences are presented in the supplemental material.

Gumpper et al. Journal of Virology

March 2019 Volume 93 Issue 5 e01775-18 jvi.asm.org 4

https://jvi.asm.org


observations clearly indicate that the activity of vRdRp is severely compromised during
transcription and replication by just switching CUBs.

To further dissect which specific step in viral RNA synthesis is more affected by a
change in CUB, eight chimeric minigenomes between the wt genome and either the
high- or low-usage genome were constructed (Fig. 2D) based on the golden ratio. The
golden ratio can be defined as the ubiquitously found ratio of 1.618 and is defined as
the ratio between two Fibonacci numbers (17). This ratio has been found throughout
nature, including the arrangement of leaves on the stem of a plant and even the spirals
of a sunflower (17). This ratio has also been found in the human genome within the
frequencies of different nucleotides (18). It is for this reason, when designing the
chimeric minigenomes, that the golden ratio was chosen as the natural ratio to split
the genome to investigate the sequence properties. Among these chimeras, N1, N2,
and N3 show statistically significant reductions in mRNA levels, while N4 shows a
non-statistically significant increase. In the chimeric genome, N1, N2, and N3 all have an
altered CUB either in the transcription or replication initiation region (3=-end regions)
or near the termination region (5=-end region) of the genomic sequence, whereas N4
has the wt CUB in both. Defects in elongation by vRdRp could also result in reductions
of mRNA levels, as described below, but it may not be the main factor because no
significant mRNA reduction was observed with the N4 chimeric genome. This would
indicate that for transcription of mRNA, the CUB is more stringent, especially for
initiation and termination by vRdRp. This is consistent with the requirements for
transcription by VSV vRdRp because viral transcription must be initiated and terminated
at the correct position in order to balance the levels of all five mRNAs in the polycis-
tronic genome. For cRNA and vRNA, on the other hand, it seems that elongation is the
most affected activity of vRdRp since the initiation and termination of replication are
more dependent on the 3= and 5= noncoding sequences (named the leader and trailer
sequences, respectively), neither of which was changed in the chimeric genome. The
largest reduction in genomic RNA levels was observed when the genomes with a large
portion of altered CUB (N2 and N4) were used as the template. After initiation of
replication, the processivity of vRdRp is dependent on CUB when it copies the entire
genome.

It is possible that the reduction in levels of full-length RNAs was due to premature
termination. Another set of primers was designed to quantify RNAs from any possible
early termination during transcription and replication. The RNAs quantitated by these
primers correspond to total RNAs of the shortened RNAs, in addition to the full-length
RNAs. As shown in Fig. 2C, levels of the total mRNA transcripts were increased by
�19-fold and �35-fold, respectively, for the high- and low-usage genomes. Early
termination of viral RNA transcription was clearly increased by the altered sequence
content. It is also interesting that the level of total mRNA was twice that of the
full-length mRNA when the wt genome was used, indicating the common presence of
early termination in transcription. An increase in shortened mRNA transcripts was
observed across all of the chimeric minigenomes. This effect is exacerbated across the
high-usage chimeras, especially for N2, N3, and N4. On the other hand, an increase in
levels of shortened cRNA and vRNA was observed for the low-usage chimeras, but there
was less of an increase in shortened mRNA transcripts than in those of the high-usage
chimeras.

Role of the purine/pyrimidine ratio in nucleocapsid stability. In the nucleocap-

sid, the bases of the sequestered RNA stack in a consistent manner in each subunit (Fig.
1C) (14). The first four bases stack with each other, the fifth base stacks with bases 7 and
8, and the sixth base flips out of the stacked bases. The strength of �-stacking
interactions is in the order purine-purine�purine-pyrimidine�pyrimidine-pyrimidine
(19). We therefore hypothesized that sequences more rich in stacked purines would
yield a more stable nucleocapsid, which is consistent with the structures of
nucleocapsid-like particles (NLPs) that encapsidate poly(rA) (20, 21).
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The sequence analysis technique kappa index of coincidence (KIC) was often used
to identify different classes of promoters in eukaryotes (22). KIC measures the proba-
bility of finding a repeating pattern in a nucleotide sequence. A high KIC indicates a
structured sequence pattern with a high level of nucleotide repeats. When plotted
against percent A�G content (A�G%), this provides valuable insight into regions that
have a highly clustered purine/pyrimidine content. In this case, the purine content
(A�G%) versus KIC was plotted for the wt and high- and low-usage genomes. Since KIC
is sensitive to simple or short tandem repeats, and to window sizes, the calculation was
carried out using various window sizes (Fig. 3) (22). Analysis of the template strand for
mRNA synthesis revealed that there is a slightly lower degree of purine content for the
high-usage genome than for the wt genome when the window size was 9 or 18
nucleotides. The more significant indication was that the lower A�G% in the high-
usage genome was associated with a higher KIC, shown by a large tail in the top left
portion of the graph. The high KIC suggests that pyrimidines were more clustered in the
high-usage genome, leading to more pyrimidine stacking (23). As the window size
increases, the left portion of the graph was more densely packed, further indicating the
presence of larger stretches of pyrimidines. At the same time, the center of mass in each
plot with smaller window sizes is consistently associated with higher KIC scores for the
high-usage genome, consistent with higher pyrimidine clustering at the local sequence
level. When larger window sizes were used, the center of mass shifted slightly more to
the right, almost overlapping that of the wt genome (on the x axis), indicating that the
clustered pyrimidine contents of the wt and high-usage genomes match more closely
at a global level. This confirms that local purine/pyrimidine clustering may play an
important role in regulating vRdRp activities in transcription. For the low-usage ge-
nome, on the other hand, there is a significant tail to the right of the graph and a right

FIG 3 Calculated A�G% versus KIC. Each panel is a different window size ranging from 9 to 90 nucleotides as multiples of 9 due to the number of nucleotides
in each N subunit. The wt genome is plotted in gray, the high-usage genome is plotted in red, and the low-usage genome is plotted in blue. The centers of
mass are plotted in their respective color for each panel, and all three centers of mass are plotted on the wt plot. The KIC is a measurement of the probability
of a repeating sequence within a set window. It is plotted against A�G% here for the purposes of investigating the purine/pyrimidine distribution throughout
the wt, high-codon-usage, and low-codon-usage sequences. Altering these base-stacking patterns changes the distribution of the plot and corresponds to the
decrease in vRdRp activity.
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shift of the center of mass throughout all window sizes. This is indicative of higher
purine content and clustering, while the overall clustering of purines and pyrimidines
matches that of the wt genome.

To verify that the stability of the nucleocapsid is related to the purine/pyrimidine
content, thermal shift assays (TSAs) were carried out with recombinantly purified NLPs
(20, 24, 25). A selected piece of RNA could be reconstituted in the NLP by removal of
the original RNA with RNase A and subsequent incubation with the selected RNA (20).
As previously shown (20), TSA can be effectively used to measure the stability of the
NLP. Utilizing two different fluorescent dyes, SYBR Safe and SYPRO orange, to target the
RNA and protein, respectively, melting curves of NLPs reconstituted with poly(rA) and
poly(rU) sequences were determined (Fig. 4). SYBR Safe fluoresces when it intercalates
DNA/RNA. The RNA in the NLP is highly structured and has significant base-stacking
interactions, which allows for a clear observance of SYBR Safe fluorescence when
incubated with the NLP. As the temperature increases and the RNA becomes unstruc-
tured, the fluorescence decreases. The temperature at which the rate of fluorescence is
changing the fastest, which we call Tfree and is shown in the second derivative graph,

FIG 4 Thermal shift assays. A thermal shift assay was carried out on the randomly incorporated RNA in recombinantly expressed NLP, poly(rA), and poly(rU)
in reconstituted NLPs. SYBR Safe, which monitors RNA thermo-release from the NLP, is shown in gray, while SYPRO orange, which monitors protein
denaturation, is shown in black. Each trace is representative of data from a separate experiment. The top panels indicate the raw melting data. The middle
panels are the first derivative graphs with the corresponding average Tm (from the SYPRO orange trace) and standard deviation calculated from the peak of
each trace. The bottom panels show the second derivative of the SYBR Safe trace and the average Tfree and standard deviation calculated from the peak of each
trace, which is representative of the thermal release of RNA.
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indicates the point at which the RNA has been released from the NLP. SYPRO orange
has been used to detect protein melting and has become an invaluable tool to screen
compounds against protein targets. For both the melting temperature (Tm) and Tfree,
which are measured by SYPRO orange and SYBR Safe, respectively, an increase in the
melting temperature in comparison with controls indicates a stabilization of the protein
or encapsidated RNA, correspondingly. The results showed that the incorporation of
poly(rA) in the NLP increased the stability by 2.33°C compared to the recombinantly
purified NLP with a random RNA sequence (20) and by 2.96°C compared to the NLP
with poly(rU). Furthermore, incorporation of poly(rA) in the NLP delayed the thermo-
release of RNA by 7.86°C compared to the recombinantly purified NLP with a random
RNA sequence and by 8.81°C compared to the NLP with poly(rU) (24). Both of these
experiments depict a large stabilization of the NLP by poly(rA). This is consistent with
data from a previous study in which a polyamide (UMSL1011) that stabilizes the RNA in
NLPs delayed RNA thermo-release by 2.04°C (24). These experimental results confirmed
that nucleocapsid stability is dependent on the purine content of sequestered RNA,
which may change the accessibility of the genomic RNA in the nucleocapsid to vRdRp
to modulate its transcription/replication activities.

DISCUSSION

The high mutation rate of vRdRp has been related to virus evolvability and repli-
cation (26). In positive-strand RNA viruses, the faster genome replication and optimal
codon usage select viruses with good fitness (27–29). Since RNA viruses rely on the host
cell for protein translation, the CUB of positive-strand RNA viruses is similar to that of
the host cell since its genomic RNA is also used as the mRNA for protein translation (30,
31). In NSVs, however, their CUB does not match that of the host cell despite their
reliance on host protein translation. This phenomenon has previously been attributed
to limiting CpG to evade the host’s immune system and to the concept of codon
constellation (8, 12, 31–33). More importantly, analyses of codon usages revealed that
CUB of NSVs did not result from transitional selection (34–36). To identify other factors
of CUB selection in NSVs, viral proteins that have close interactions with the coding
regions of the viral genome are considered. One of the unique mechanisms that control
viral genome replication of NSVs is that the template used by vRdRp in viral RNA
synthesis is the nucleocapsid. The entire viral RNA genome is completely sequestered
by the N protein (14, 37), and its access to vRdRp may regulate viral RNA synthesis in
NSVs (20, 38).We hypothesize that access to the genomic RNA sequestered in the
nucleocapsid constrains codon usage by NSVs, which is a determinantal factor in CUB
selection during NSV evolution.

These constraints were examined in this study by evaluating in situ activities of VSV
vRdRp using a minigenome assay. Our data showed that vRdRp became highly dys-
regulated with large decreases in transcription and replication when the codon usage
in the VSV minigenome was deoptimized (Fig. 2C). Changes in viral RNA synthesis were
not related to protein translation since all viral proteins were produced by other
vectors. This clearly confirmed that the nucleotide sequence of the viral genome in the
nucleocapsid plays an essential role in regulating viral RNA synthesis by vRdRp. In an
effort to identify which steps are more affected by changes of codon usage, eight
chimeric minigenomes were also created. The results showed that the regions corre-
sponding to initiation and termination of gene transcription had more-dramatic detri-
mental effects on vRdRp activities when CUB was deoptimized (Fig. 2C and D). In the
context of the virus genome, this is consistent with the finding that vRdRp is required
to accurately initiate and terminate mRNA transcription in order to balance the tran-
script products from the polycistronic genome (39). For replication, elongation of cRNA
and vRNA was most limited by CUB changes because the ends of the genome, which
regulate the initiation and termination of genome replication by vRdRp, were not
changed.

The consequence of CUB changes was analyzed for nucleotide contents and clus-
tering. Since the crystal structures of VSV NLPs suggest that purines have more-stable
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base stacking (14, 20), an increase or decrease in A�G% and their clustering may alter
the access of the sequestered genomic RNA to vRdRp. A�G% was calculated and
compared with KIC for high- and low-usage genomes (Fig. 3). Since KIC is a measure of
randomness, a deviation from the wt sequence could potentially deregulate viral RNA
synthesis. The results showed that pyrimidine clustering was increased in the high-
usage genome and that purine clustering was increased in the low-usage genome. An
abnormal stability of the nucleocapsid could not maintain the precise activities of
vRdRp. To further corroborate the correlation of A�G% and their clustering with levels
of viral RNA synthesis, thermal shift assays were used to measure the stability of the
nucleocapsid when different RNA sequences were encapsidated. The results showed
that NLPs were stabilized by the presence of purine sequences and destabilized by the
presence of pyrimidine sequences in comparison with the recombinantly prepared NLP
that encapsidates random RNAs. These data directly support that the nucleotide
content and base clustering of the NSV genome, as a consequence of CUB selection,
regulate the vRdRp accessibility of the genomic RNA sequestered in the nucleocapsid.
The regional accessibility of the genomic RNA may be increased by reducing the A�G
content or clustering, but early termination could also be increased. Evolution of NSVs
results in their own CUB that balances mRNA transcripts and efficient genome repli-
cation.

Insights on the evolutionary principles of CUB in NSVs have great implications in
managing outbreaks of highly pathogenic viruses, such as Ebola virus, influenza virus,
and rabies virus. Analyses of codon usage in these viruses (12, 36, 40, 41) found that
these NSVs constantly mutate in different hosts, but their CUB was not coincident with
that of the host. Our conclusion that optimal viral RNA synthesis regulated by the
nucleocapsid is an additional determinant factor in CUB selection of NSVs will lead to
an improved algorithm for mapping the evolutionary trajectory of these pathogens.
This will greatly help in the design of detection methods, vaccines, and antiviral
treatments for emerging NSVs.

MATERIALS AND METHODS
Minigenome plasmid. The pN, pP, and pL plasmids were provided by Asit K. Pattnaik at the

University of Nebraska—Lincoln. The template for the minigenome was constructed as previously
described (42). To insert the N gene into the minigenome template, the Luc gene was removed from the
minigenome using BamHI. The N gene was amplified from pN using primers shown in Table 2, with
BamHI cleavage sites on each side. This fragment was then cloned into the minigenome vector. In order
to create a PCR tag for the mRNA transcribed from the minigenome, mutations corresponding to primers
shown in Table 2 were introduced using the Q5 site-directed mutagenesis kit (New England Biolabs)
according to the manufacturer’s protocol. Furthermore, 3 stop codons were added after the start codon
to prevent translation utilizing primers shown in Table 2, using the QuikChange II mutagenesis kit
(Agilent Technologies) according to the manufacturer’s protocol. High-codon-usage, low-codon-usage,
and chimeric minigenomes were synthesized by GenScript (Piscataway, NJ) and cloned into the mini-
genome vector using the BamHI restriction enzyme sites.

Minigenome assay. BSR-T7 cells (a gift from Biao He, University of Georgia) were maintained in
Dulbecco modified Eagle medium (DMEM) containing 5% fetal bovine serum (FBS) with 100 U of
penicillin and 20 U of streptomycin (43). Plasmids were then transfected into the cells in 60-mm plates
after cells reached approximately 95% confluence. Briefly, cells were washed twice with Opti-MEM
serum-free medium (Invitrogen) and then transfected with 2 �g of pN-minigenome, 1.5 �g of pN, 1 �g
of pP, and 0.5 �g of pL using Lipofectamine 2000 (Invitrogen) (42). The cells were then incubated for 5 h
at 37°C, and fresh DMEM with 5% FBS was then added. At 48 h posttransfection (hpt), RNA was extracted
from the cells using TRIzol reagent (Ambion by Life Technologies) according to the manufacturer’s
protocol. Immediately after RNA isolation, 1 �g of RNA was used for RT-PCR using SuperScript II reverse

TABLE 2 Primers for minigenome construction

Primer Minigenome sequence

N-gene-F 5=-CGTACGATGTGATGATGAGTCAAGAG-3=
N-gene-R 5=-CGTACGTCATTTATCAAATTCTG-3=
Triple Stop Codon-F 5-’GTAATCACGTACGATGTGATGATGAGTCAAGAGAATCATTG-3=
Triple Stop Codon-R 5=-CAATGATTCTCTTGACTCATCATCACATCGTACGTGATTAC-3=
PCR-tag-F 5=-CGGATGGTTCGAAGATCAAAACAGAAAACCG-3=
PCR-tag-R 5=-AGCCATTCAACCACATCTCTGCCTTGTGG-3=
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transcriptase (Invitrogen) according to the manufacturer’s protocol. The primers for RT-PCR were specific
for mRNA, cRNA, and vRNA, as outlined in Table 3. Quantitative PCR (qPCR) was performed on a
QuantStudio 3 real-time PCR system using the primers in Table 4 and PowerUp SYBR green master mix
according to the manufacturer’s protocol (Thermo Fisher Scientific) (see Fig. S1 in the supplemental
material for an outline of primer recognition). The data were analyzed by the 2�ΔΔCT method as described
previously (16). Furthermore, mock, template-free, no-RT-PCR, and template-only controls did not yield
a CT (threshold cycle) value (data not included) after 40 cycles, indicating specific amplification of the
selected genes (16). In addition, melting analysis revealed a single moiety for mRNA, cRNA, and vRNA for
every minigenome vector.

Sequence analysis. The kappa index of coincidence was calculated as described previously, with the
modification of plotting the x axis as A�G% (22). All calculations were performed using Python (Python
Software Foundation, version 3.5 [https://www.python.org/]), and the script is available at http://github
.com/rgumpper/Biochemical_Tools. Data plots were drawn utilizing the open-source plotting library for
Python, Matplotlib (44). Sliding windows of 9, 18, 27, 36, 45, 54, 63, 72, 81, and 90 nucleotides were used
for KIC calculations to examine the difference between local and global genome structures. A window
size divisible by 9 was used as the nucleocapsid encapsidates 9 nucleotides per N subunit.

Expression/purification of NLPs and thermal shift assay. The NLPs were expressed and purified as
previously described (25). Briefly, the plasmid containing pET N/P was transformed into BL21(DE3) cells
for protein expression. Starter cultures were allowed to grow at 37°C in LB broth overnight in the
presence of ampicillin. The starter culture was then used to inoculate 1-liter cultures, again in the
presence of ampicillin, and allowed to grow while shaking at 37°C until the A600 reached an optical
density (OD) of 0.6. Protein expression was then induced with 1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG), and the culture was allowed to grow for an additional 16 h at 24°C. The cells were then harvested;
resuspended in a solution containing 20 mM Tris (pH 8.0), 500 mM NaCl, 5 mM imidazole, and 5 mM
�-mercaptoethanol; and sonicated. After an initial Ni-nitrilotriacetic acid (NTA) purification step (accord-
ing to Novagen’s protocol), size exclusion was carried out with a HiLoad 16/100 Superdex 200 prep-grade
column equilibrated with 50 mM Tris (pH 7.5) and 300 mM NaCl. This produced NLPs which contain
randomly encapsidated RNAs. The NLP was then reconstituted with either poly(rA) or poly(rU) purchased
from Midland (Midland, TX) as described previously (20). Briefly RNase A (1 mg/ml) was incubated with
purified NLPs overnight at 42°C to remove the encapsidated RNA from the recombinant protein-RNA
complex. Excess RNA and RNase A were removed via size exclusion. Before reconstitution with poly(rA)
and poly(rU), an RNase inhibitor (1 U/�l) (Qiagen) was added to the empty NLP and incubated at room
temperature for 30 min. The respective RNA was then added in an excess of a 1:5 molar ratio (NLP to
RNA), and an oscillation of temperature was then carried out between 42°C and room temperature in
15-min intervals a total of four times. Excess RNA was removed by further size exclusion purification, and
the RNA composition was checked by the 260/280-nm ratio on a UV-visible (UV-vis) spectrophotometer.

TABLE 3 Primers used for RT-PCR to make cDNA transcripts from selected RNAs

Target RT-PCR primer sequence

mRNA 5=-CCAGATCGTTCGAGTCGTTTTTTTTTTTTTTTTTCATTTGTCAAATTCTGACTTAG-3=
cRNA 5=-GCTAGCTTCAGCTAGGCATCCGCCGATATCTGTTAG-3=
vRNA 5=-GGCCGTCATGGTGGCGAATAGAAGTTTGGTAGGCTCG-3=
mRNA-short 5=-CCAGATCGTTCGAGTCGTTTGACATGTATGATTGATAC-3=
cRNA-short 5=-GCTAGCTTCAGCTAGGCATCCATCGTACGTGATTACTG-3=
vRNA-short 5=-GGCCGTCATGGTGGCGAATCGTACGTGATTACTGTTAAAG-3=
�-Actin 5=-AGCACTGTGTTGGCGTACAG-3=

TABLE 4 Primers used during qPCR for the different viral RNAs produced during the VSV
life cycle

qPCR primer Sequence

mRNA-F 5=-CCAGATCGTTCGAGTCGT-3=
mRNA-R 5=-AAGGCAGAGATGTGGTCG-3=
cRNA-F 5=-GCTAGCTTCAGCTAGGCATC-3=
cRNA-R 5=-AAACAGAAAACCGACTCCTG-3=
vRNA-F 5=-GGCCGTCATGGTGGCGAAT-3=
vRNA-R 5=-AGCAGGTTTGTTGTACGC-3=
mRNA-s-F 5=-CCAGATCGTTCGAGTCG-3=
mRNA-s-R 5=-ATGTGATGATGAGTC-3=
cRNA-s-F 5=-GCTAGCTTCAGCTAGGCATC-3=
cRNA-s-R 5=-ACGAAGACAAACAAACC-3=
vRNA-s-F 5=-GGCCGTCATGGTGGCGAAT-3=
vRNA-s-R 5=-ACGAAGACAAACAAAC-3=
�-Actin-F 5=-AGAGCTACGAGCTGCCTGAC-3=
�-Actin-R 5=-AGCACTGTGTTGGCGTACAG-3=
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NLPs containing RNA from recombinant purification, poly(rA), or poly(rU) were then subjected to TSA as
previously described (24).

Data availability. All data are available in the main text or the supplemental material, and the
Python 3.5 code used for the KIC sequence analysis is available on a publicly available repository
(http://www.github.com/rgumpper).
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